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SterolsNiemann–Pick C (NPC) disease is a lethal neurodegenerative disorder affecting cellular sterol trafﬁcking.
Besides neurodegeneration, NPC patients also exhibit other pleiotropic conditions, indicating that NPC protein
is required for other physiological processes. Previous studies indicated that a sterol shortage that in turn
leads to a shortage of steroid hormones (for example, ecdysone in Drosophila) is likely to be the cause of NPC
disease pathology. We have shown that mutations in Drosophila npc1, one of the two NPC disease-related
genes, leads to larval lethal and male infertility. Here, we reported that npc1 mutants are defective in
spermatogenesis and in particular in the membrane-remodeling individualization process. Interestingly, we
found that ecdysone, the steroid hormone responsible for the larval lethal phenotype in npc1mutants, is not
required for individualization. However, supplying 7-dehydrocholesterol can partially rescue the male
infertility of npc1mutants, suggesting that a sterol shortage is responsible for the spermatogenesis defects. In
addition, the individualization defects of npc1 mutants were enhanced at high temperature, suggesting that
the sterol shortage may lead to temperature-sensitive defects in the membrane-remodeling process.
Together, our study reveals a sterol-dependent, ecdysone-independent mechanism of NPC1 function in
Drosophila spermatogenesis.l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Niemann–Pick type C (NPC) disease is an early childhood disease
exhibiting progressive neurological degeneration (Mukherjee and
Maxﬁeld, 2004). The disease is caused by mutations in either of two
genes,NPC1 (Carstea et al., 1997) or NPC2 (Naureckiene et al., 2000). At
the cellular level, the most notable aspect of the disease is a massive
accumulation of cholesterol, glycosphingolipids and other lipids in
aberrant organelles. The underlying defect appears to be a failure of
normal organelle trafﬁcking and a consequent failure of lipid homeo-
stasis (Liscum and Sturley, 2004; Mukherjee and Maxﬁeld, 2004).
About 95% of cases of humanNPC disease are caused bymutations in
the NPC1 gene (Carstea et al., 1997). To explore the molecular
mechanisms and discover therapeutic treatments for NPC disease,
NPC1 mutant models have been generated in yeast, worm, ﬂy and
mouse (Grifﬁn et al., 2004; Malathi et al., 2004; Sym et al., 2000). In
Drosophila npc1mutants, sterol accumulation has been found in many
tissues similar to the situation in mammalian NPCmutants. Drosophila
npc1mutants show a ﬁrst-instar larval lethal phenotypewhich is due to
shortage of the steroid hormone ecdysone and can be rescued by tissue-speciﬁc expression of npc1 in the ecdysone producing organ, the ring
gland. Moreover, since mutant lethality can be rescued by supplying
excess cholesterol or other sterols in the culture medium, a “cholesterol
shortage” hypothesis has been proposed to explain NPC disease
pathology (Fluegel et al., 2006; Huang et al., 2005). Similarly, in NPC1
mutant mice, the neurodegeneration phenotype can also be attributed
to a shortage of neurosteroid hormones (Grifﬁn et al., 2004). Therefore,
the cause of NPC disease pathology may be due to a cholesterol
trafﬁcking defect and subsequent shortage of steroid hormones.
Besides neurodegeneration, NPC patients and NPC1 mutant mice
exhibit many other abnormalities, for example, hepatosplenomegaly,
suggesting that NPC proteins may play important roles in other
biological processes (Carstea et al., 1997). It is not known whether
these additional defects are due to steroid hormone shortage or other
sterol-related mechanisms. Interestingly, NPC2, which is a small
secreted lysosomal protein, was previously reported as the major
secretory component HE1 of epididymal ﬂuid (Belleannee et al., 2011
Naureckiene et al., 2000; Okamura et al., 1999), implying that NPC2
may have a role in reproduction. In addition, it has been reported that
npc1mutant mice are male sterile with abnormal sperm morphology
(Fan et al., 2006). In a previous study, we found that ecdysone-
rescued Drosophila npc1mutant males are sterile (Huang et al., 2005),
suggesting that the role of NPC1 in male fertility may be evolutionally
conserved.
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showed that npc1 mutants have spermatogenesis defects and in
particular in a process called individualization. During Drosophila
spermatogenesis, a pair of cyst cells encloses a primary spermatogonial
cell and the whole structure is called a cyst. Within a cyst, a primary
spermatogonial cell goes through six roundsof division, fourmitotic and
twomeiotic, to form 64 spermatid cells. The spermatids, still connected
by cytoplasmic bridges, differentiate synchronously from round
spermatids to elongated spermatids, the ﬁnal shape of long-tail sperms.
Individualization is a membrane reorganizing process that occurs after
elongation. During individualization, an actin-based complex, the
individualization complex (IC), composed of 64 actin cones, forms and
progresses caudally along the cyst, remodeling the syncytial membrane
to remove excess cytosol and pack each spermatid into its own plasma
membrane (Fabrizio et al., 1998; Tokuyasu et al., 1972). Defects in
plasmamembrane-remodeling, F-actin-based ICmovement, or removal
of excess cytoplasm can lead to the failure of individualization (Arama
et al., 2003; Arama et al., 2007; Farkas et al., 2003; Ghosh-Roy et al.,
2005; Huh et al., 2004; Mermall et al., 2005; Noguchi and Miller, 2003;
Xu et al., 2002; Zhong and Belote, 2007). In npc1mutants, we found that
the tightly associated 64-actin cone IC complex is disrupted, alongwith
the incomplete separation of individual spermatids. Furthermore, male
fertility was restored by germ cell-speciﬁc expression of NPC1,
indicating a cell-autonomous function of NPC1.
Consistent with previous ﬁndings in the ring gland, npc1 mutants
exhibited a sterol accumulation phenotype in the testes. Supplying
7-dehydrocholesterol (7-dC) partially rescued male sterility in npc1
mutants, suggesting that sterols play an important role in spermato-
genesis in Drosophila. However, extensive genetic analysis suggested
that the ecdysone pathway is not involved in the individualization
process. Interestingly, the individualization defects of npc1 mutants
were enhanced at high temperature and suppressed at low temper-
ature. Together, these results suggest that instead of lacking ecdysone,
the sterol shortage in the testis may lead to temperature-sensitive
defects in the membrane-remodeling individualization process. In
summary, NPC1-regulated sterol trafﬁcking is important for individ-
ualization duringDrosophila spermatogenesis and acts in an ecdysone-
independent manner.
Materials and methods
Fly strains and culture
npc1 mutants and UAS–npc1–EYFP transgenic lines were reported
previously (Huang et al., 2005). All other lines are described in the
Flybase and available from the Bloomington Stock Center. Unless
otherwise speciﬁed, all stocks were cultured on cornmedium at 25 °C.
Sterol feeding
For the 7-dC (Sigma) and cholesterol (Sigma) feeding test, 7-dC and
cholesterol were diluted with ethanol to a concentration of 10 mg/ml.
This stock was added to corn medium to a ﬁnal concentration of
0.14 mg/g. For the ergosterol (Sigma) and β-sitosterol (Fluka) feeding
test, sterols were diluted with isopropanol to give a 5 mg/ml stock and
were used at a ﬁnal concentration of 0.14 mg/g. Equal amounts of
ethanol or isopropanol were added to the culture medium as a control.
All sterol feeding experiments were performed on ring gland-speciﬁc
rescued npc1mutants.
Fertility test and progeny counting
Virgin females were collected about 5 days before use. Each new-
born male ﬂy was crossed with 3 virgin females. All the parents were
transferred into new vials at day 9 and removed at day 18. The
total number of progeny from the two vials was counted. Only theprogeny of fertile npc1 mutant males was counted in the 7-dC rescue
experiment.
Staining and imaging
Phase-contrast and DJ-GFP pictures were taken using a Zeiss
microscope. Phalloidin and DAPI staining were executed according to
published methods (Arama et al., 2003; Noguchi and Miller, 2003). In
brief, samples were dissected in 1× Ringer buffer, ﬁxed in 4% PFA for
20 min, washed twice with PBS, and then stained with phalloidin
(1 μg/ml) and DAPI (10 μg/ml) for 2 h. For EcRA staining, animals
were dissected in 1× Ringer buffer, ﬁxed in 4% PFA for 20 min
followed by 0.3% PBT (PBS+0.3% Triton X-100) treatment for 30 min,
and then stained with EcRA primary antibody (DSHB) at 4 °C
overnight. After washed twice with PBS, secondary antibody was
added together with phalloidin (1 μg/ml) and DAPI (10 μg/ml) for 2 h
at room temperature. Pictures were taken with a Zeiss microscope or
Nikon confocal microscope.
Transmission electron microscopy (TEM)
The TEM experiment was performed as described previously
(Huang et al., 2005). Brieﬂy, testes from 2–3 day old males were ﬁxed
with a solution of 2% glutaraldehyde, and 4% paraformaldehyde in
0.1 M sodium cacodylate buffer, pH 7.4. The samples were post-ﬁxed
with 1% OsO4 followed by 1% Uranyl acetate, then dehydrated in an
ethanol series and inﬁltrated with and embedded in EMbed 812 resin
(Electron Microscopy Sciences). Ultra-thin sections were cut and
stained with 0.08 mM lead citrate trihydrate for 10 min. The sections
were examined on a Joel 1230 electron microscope.
Results
npc1 mutants are male sterile
npc1 null mutants are ﬁrst-instar larval lethal due to insufﬁcient
ecdysone biosynthesis (Fluegel et al., 2006; Huang et al., 2005). To
systematically investigate the tissue-speciﬁc requirements of npc1,
we rescued mutant lethality with the UAS–Gal4 system in which the
UAS–npc1–EYFP transgene can be activated by tissue-speciﬁc Gal4. It is
known that the lethality of npc1 mutants can be rescued by ring
gland-speciﬁc expression of npc1 driven by 2-286 Gal4; however,
most of the surviving adult males are sterile (Huang et al., 2005). We
found that, though a few of the rescued males were fertile (13.3%,
N=15), their progeny numbers were much smaller (5.0±3.1,
N=18) than wild type (191.3±21.3, N=8). To conﬁrm that this
sterility is due to npc1-deﬁciency, we examinedwhethermale sterility
could be rescued by the expression of NPC1. When an UAS–npc1–EYFP
transgene was introduced into the npc1 mutant background under a
ubiquitous tub-Gal4 driver, mutant male fertility was fully rescued.
These data suggest that NPC1 is important for male fertility in
Drosophila.
Furthermore, to examine in which cell types NPC1 is required for
fertility, we used several cell type-speciﬁc Gal4 lines in conjunction
with ring gland-speciﬁc 2-286 Gal4 to examine the rescuing effect.
Hsp83-Gal4has been used as a germ-line-speciﬁcGal4while C587-gal4
and ptc-Gal4 are expressed in cyst cells in testes (Arama et al., 2003;
Lee et al., 2008). We found that expression of NPC1 under Hsp83-Gal4
could rescuemale sterility, but expression of NPC1 under C587-Gal4 or
ptc-Gal4 showed no rescue effect onmale fertility. These differences in
rescue efﬁciency indicate that NPC1 is required in the germ cells for
spermatogenesis.
To explore potential functional mechanisms of NPC1 in male
fertility, we examined the squashed testis samples. The testes of npc1
mutants appear normal under phase-contrast microscopy. The
spermatocytes, spermatids and even the elongated spermatids were
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Fig. S1). However, in npc1 mutants, the seminal vesicles, where the
mature motile sperms are stored, were much smaller than in the wild
type (Fig. 1D and E). DJ-GFP is localized in the mitochondria of
spermatids and can be used as a marker for spermatids and mature
sperms (Santel et al., 1998). Using DJ-GFP as a marker, we found that
there were essentially no mature sperm in npc1 mutant seminal
vesicles along with accumulating of sperm debris in the basal region
of testis, while large amounts of sperm were found in the wild type
seminal vesicles (Fig. 1D and E). The lack of mature sperm in npc1
mutant seminal vesicles indicates a defective spermatogenesis
process.
Previous large scale genetic screens revealed that spermatogenesis
defects are often observed at three stages: the spermatocyte growth
phase, cytokinesis and individualization (Fabrizio et al., 1998;
Giansanti et al., 2004). In npc1 mutants, the spermatocyte growth
phase appears to be normal (Fig. 1A and B and Fig. S1). In squashed
samples, the cytokinesis defect in npc1mutants was higher than wild
type (5.79% versus 1.70%, NN1000 for each genotype) (Fig. 1F and G).
However, the mild cytokinesis defect cannot fully explain the male
sterile phenotype of npc1. We next examined the individualization
process.
npc1 mutants are defective in individualization
During individualization, the IC, composed of a cohort of 64
triangular actin cones, each of which are formed in the head region of
a spermatid, moves caudally to remove excess cytosol (Fuller, 1993).
We stained the IC with phalloidin, a ﬂuorescent dye for actin. WeFig. 1. npc1 mutants are male sterile. (A) Schematic view of Drosophila testis. (B and C) T
genotypes. (D and E) The seminal vesicles (arrows) are devoid of DJ-GFP labeled mature sp
mutants. BF: bright ﬁeld. (F and G) Cytokinesis defects in npc1mutants. Arrows point to a o
ratio of nucleus and mitochondria in npc1 mutants.found that the IC assembled normally at the head region of the
spermatid bundle in npc1mutants. However, in contrast to the tightly
integrated and caudally moving ICs in the wild type, in npc1mutants,
the IC gradually disintegrated as it moved along the cyst and scattered
actin cones were found (Fig. 2A and B). At 25 °C, on average, 69%
progressing ICs (N=25) are disintegrated. Activated caspase could be
used as a marker for the progress of individualization (Arama et al.,
2003). In wild type, caspasewas activated in the unindividualized part
of spermatid and the activated caspase signal was absent in the
individualized part of spermatids (Fig. 2C). In npc1 mutants, the
activated caspase signal was found in both unindividualized and
individualized parts of spermatids (Fig. 2C). Moreover, in the wild
type, the needle-shaped sperm nuclei clustered at the head of the cyst.
However, in the npc1 mutants, some sperm nuclei were scattered
along the cyst and the scattered sperm nuclei lost their needle-like
shape. Interestingly, as the scattered sperm nuclei were located
further away from the head region, the sperm nuclei became more
condensed and rounded (Fig. 2D). This phenomenon is likely due to
the caspase activity along the spermatid during individualization
(Arama et al., 2003). Disrupted ICs, leaky caspase activity, and
scattered nuclei are typical characteristics of individualization defects
in spermatogenesis (Arama et al., 2003; Fabrizio et al., 1998).
Therefore, we concluded that npc1 mutants are defective in the
individualization process.
We next performed a transmission electron microscopy (TEM)
analysis of npc1 testes to conﬁrm the defects observed under
ﬂuorescence microscopy. Despite few cytokinesis defective sperma-
tids in npc1mutants, wild type and npc1mutants have similar number
of spermatids per cyst at the elongated stage (Fig. 3A, B and E).estes of wild type and npc1 mutants. Elongated spermatids can easily be seen in both
erm in npc1 mutants. Wild type seminal vesicles are full of sperm and larger than npc1
ne to one ratio of white nucleus and dark mitochondria in wild type and a three to one
Fig. 2. npc1mutants have disrupted ICs and scattered nuclei during individualization. (A) Model of four cysts in a testis at different stages of individualization. From top to bottom: IC
formation at the head, IC moving along the cyst (middle two cysts), and IC at the end of individualization. Individualized part of the cyst is separated by black lines. Blue: bundle of
sperm nuclei; red: the IC; gray blob: waste bag. (B) Stages corresponding to (A) in wild type and npc1 mutants after phalloidin and DAPI staining. IC assembles normally in npc1
mutants. Disrupted ICs (arrows) and scattered nuclei (arrowheads) can be found in npc1mutants at the stage IC moves along the cyst and at the end of individualization. Blue: DAPI-
stained sperm nuclei; red: phalloidin-stained IC. (C) Activated caspase detected with a cleaved caspase-3 antibody. In wild type, activated caspase is absent from the individualized
part of the cyst (arrowhead). In npc1mutants, activated caspase signal is still found in the individualized region (arrowhead). (D) DAPI staining of a single cyst. The scattered nuclei
are found in npc1mutants. As the scattered nuclei move further away from the head region, they become more condensed and rounded. Right panels show enlarged views of single
nuclei. Numbered nuclei correspond to the numbered positions in the left panel. Blue: DAPI-stained sperm nuclei.
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organized pattern seen in wild type (Fig. 3C), many spermatids were
not completely individualized in npc1 mutants (Fig. 3D). On average,
28%±16% npc1 spermatids are defective in individualization (Fig. 3F).
This defect is within the range of two typical individualization
mutants, jar (31%, based on the published picture) and driceless (8%,
based on the published picture) (Huh et al., 2004; Noguchi et al.,
2006). Overall, TEM results clearly demonstrate an individualization
defect in npc1 mutants. Therefore, quantiﬁed results from the
ﬂuorescence microscopy and the TEM suggested that the individual-ization defects may be the main cause for the male infertility of npc1
mutants.
In addition, the average number of spermatids is reduced to 54
compared to 63 in wild type (Fig. 3E). Since at the elongated stage, the
spermatid numbers are similar in wild type and npc1 mutants; the
reduction of spermatids is likely due to the scattered nuclei, which
were degenerated during individualization. Notably, normal sperma-
tids were also found in these npc1 mutants (Fig. 3C and D), possibly
explaining why the npc1 mutant is not completely male sterile and
why few progeny can be produced.
Fig. 3. npc1 mutants have individualization defects. (A and B) Pre-individualization cysts of wild type and npc1 mutants. The insets are single spermatid of wild type and two
cytokinesis defective spermatids of npc1mutants. (C and D) Individualized cysts of wild type (C) and npc1mutants (D). In npc1mutants, a cluster of unindividualized spermatids is
shown (arrow in D). (E) Number of spermatids per cyst in different genotypes before and after individualization. *Pb0.01 by the Student's t-test. (F) Percentage of spermatids
exhibiting individualization defects under the TEM.
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ecdysone
NPC1 is known to function in sterol trafﬁcking and npc1 mutant
ﬂies have sterol accumulation in many tissues, for example the ring
gland, leading to ecdysone shortage and larval lethality. Do npc1
mutants have sterol trafﬁcking defects in the testis and if yes, is it
possible that male sterility is also caused by ecdysone deﬁciency? We
next stained the testis with ﬁlipin, a ﬂuorescent dye for sterol, to
explore whether there is sterol accumulation in npc1mutants (Fig. 4).
Compared to the wild type, npc1 mutant spermatocytes had many
punctated ﬁlipin-positive structures, indicating sterol accumulation
and sterol trafﬁcking defects (Fig. 4A–D). Moreover, numerous ﬁlipin-
positive punctawere also found along the cyst of npc1mutants (Fig. 4E
and F). We therefore concluded that npc1 is required for sterol
trafﬁcking in the testis.The requirement forNPC1 and theaccumulation of sterol in the testis
prompted us to explore whether ecdysone plays an important role in
individualization. Ecdysone is known to be important for embryo to
larval development and it has also been found to regulate oocyte
development in the adult female (Buszczak et al., 1999). The ecdysone
receptor (EcR) is a nuclear hormone receptor which responds to
ecdysone and is essential for ecdysone-triggered biological processes
(Koelle et al., 1991). Analyzing the function of EcR in adult males has
shown that ecdysone is involved in male courtship behavior and life
span control (Dalton et al., 2009; Ganter et al., 2007; Ishimoto et al.,
2009; Tricoire et al., 2009). Three isoforms of EcR (EcRA, EcRB1 and
EcRB2) have been identiﬁed in Drosophila (Talbot et al., 1993). We ﬁrst
examined whether EcR is expressed in germ cells. We found that EcRA
(Fig. 5A), but not EcRB1 or EcRB2 (data not shown), could be stained
with an isoform-speciﬁc antibody. Moreover, EcRA was highly
expressed in spermatocytes, which have large nuclei (Fig. 5A). We
Fig. 4. Sterol accumulates in npc1mutant testes. Filipin staining of wild type (A, C and E) and npc1mutant (B, D and F) testes. (A and B) Whole testes. (C and D) Apical region of the
testis, including the spermatocytes. (E and F) Single cyst view. In npc1 mutants, punctated ﬁlipin-positive structures can be found, reﬂecting the accumulation of sterols.
Fig. 5. Ecdysone and ecdysone receptors are not required for individualization. (A) EcRA is mainly expressed in spermatocytes (arrowhead). Blue: DAPI staining; green: anti-EcRA
staining; red: phalloidin-stained IC. (B) Genetic analysis of EcRA and dib. Neither EcRA nor dib is required for male fertility. (C) The spermatid nuclei and the IC are normal in dib
mutants.
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function analysis. Most EcRmutants are lethal at early stages except for
EcRlie. EcRlie has a P element insertion within the EcR gene region and
EcRlie mutants also exhibit individualization defects similar to those of
npc1 (Fabrizio et al., 1998). However, we found that EcRlie fully
complemented several EcR null alleles, including EcRM554fs, EcR31 and
EcRV559fs. The trans-heterozygotes, as well as EcRlie over-deﬁciency
mutants, were viable and fertile. These data indicate that the
individualization defects in the EcRlie mutant are due to mutations in
genes other than EcR. EcRA expression in spermatocytes is not changed
in EcRlie mutants (data not shown) providing further support for this
conclusion.
Since EcR is located on the middle (42A) of chromosome II, none of
the FRT line can be used to generate mosaic clones, both dominant
negative (DN) EcRA and EcRA-speciﬁc RNAi lines driven by nanos-Gal4
were used to knock down EcRA activity in germ cells (Fig. S2). We
found that all these lines were male fertile and had no individuali-
zation defects. Enhancing knockdown efﬁciency by increasing
transgene copy numbers did not lead to defective spermatogenesis
either (Fig. 5B). Together, these results suggest that EcR may not be
required for individualization although it is expressed in germ cells.
To further conﬁrm that ecdysone and EcR are not required for
individualization, we next blocked the ecdysone biosynthesis path-
way directly in adults. disembodied (dib) encodes an important P450
enzyme involved in ecdysone biosynthesis (Chavez et al., 2000). dib
expression changes dynamically in the early embryonic stage but is
then restricted to the ring gland. dibmutants show reduced ecdysone
titers (Chavez et al., 2000). Trans-heterozygous mutants of dibP3 and
dibF8 alleles were lethal and could be rescued to adulthood by ring-
gland-speciﬁc expression of the UAS-dib transgene. We found that dib
mutants rescued by either 2-286 Gal4 or p0206-Gal4 (both are ring
gland-speciﬁc Gal4)-driven UAS-dibwere male fertile (Fig. 5B). The IC
complex moved along the cysts and the sperm nuclei remained
clustered at the head of the cysts in dibmutants (Fig. 5C), just as was
the case in the wild type. These results indicated that dib and
ecdysone are not required in individualization. Taken together, our
genetic analyses demonstrate that the ecdysone signaling pathway is
not involved in individualization.
The male sterility of npc1 mutants can be rescued by exogenous
7-dehydrocholesterol
Since lethality in npc1 mutants can be rescued by addition of
cholesterol or 7-dC in food (Fluegel et al., 2006; Huang et al., 2005),
we wondered whether sterols could also rescue male fertility of ring
gland-speciﬁc rescued npc1 mutants. To test this, we added 7-dC or
cholesterol to the food. We found that the male fertility ratio of npc1
mutants was signiﬁcantly increased when 7-dC was added to the food
(60.7% in 7-dC added food compared to 13.3% in normal food, Fig. 6A).
We also counted progeny numbers of mutants fed with different
foods. Compared with normal food, we found that there was a
signiﬁcant increase in progeny number for 7-dC food (23.1±21.0 for
7-dC food compared to 5.0±3.1 for normal food, Fig. 6B). These data
strongly indicate that sterols play important roles in male spermato-
genesis and that the male sterility of npc1 mutants may be caused by
sterol deﬁciency.
Surprisingly, addition of equal amounts of cholesterol to the food
could not rescue npc1 fertility (8.0% in cholesterol-added food
compared to 13.3% in normal food, Fig. 6A), though it was enough to
rescue viability. To ﬁgure out why there was such a difference in the
rescue efﬁciency between cholesterol and 7-dC, we compared their
structures. The only difference in molecular structure between 7-dC
and cholesterol is that there is an unsaturated bondbetween C7 and C8
in 7-dC whereas the same bond in cholesterol is saturated. Could this
structural difference explain the difference in rescue activity? To test
this, we investigated the efﬁcacy of two other sterols in rescuingfertility in npc1mutants. Ergosterol, like 7-dC, has anunsaturatedbond
between C7 and C8, while β-sitosterol has a saturated bond just like
cholesterol (Fig. 6D).We found that neither ergosterol nor β-sitosterol
could rescue npc1 mutant fertility (Fig. 6C), indicating that the
difference in rescue efﬁciency between these sterols is probably not
due to differences in the saturation of the bond betweenC7 and C8. It is
possible that 7-dC is transported into the cell more effectively. Indeed,
although both ergosterol and cholesterol can rescue the lethality of
npc1 mutants, 7-dC rescues more effectively than either of these
sterols (Huang et al., 2005). Together, the shortage of sterol, but not
ecdysone, results in the defective individualization during Drosophila
spermatogenesis.
The individualization defect of npc1 mutants is temperature-sensitive
Recently, we have identiﬁed OSBP, an intracellular cholesterol
trafﬁcking-related protein, as a new player in the individualization
regulation (Ma et al., 2010). OSBP and cholesterol are presented as
speckles in the leading edge of IC. In Osbp mutants, the sterol-rich
puncta disappeared and exogenous cholesterol or 7-dC can partially
rescue the male sterile of Osbp mutants, demonstrating the impor-
tance of sterol in individualization. Since NPC1 is important for
intracellular cholesterol trafﬁcking and supplying 7-dC can partially
rescue the male sterility of npc1 mutants, we next examined the
interaction between npc1 and Osbp. The OSBP-rich and sterol-rich
speckles are still present in npc1 mutants (Fig. 7A), indicating that
npc1 mutation does not affect the localization of OSBP or OSBP-
mediated sterol trafﬁcking. Moreover, overexpression of npc1 by
Hsp83-Gal4 cannot rescue the male infertility of Osbp mutants. These
results suggested that npc1 may act independent or downstream of
Osbp.
How could sterol shortage affect the individualization, amembrane-
remodeling process? Besides as steroid hormone precursor, cholesterol
is a key membrane component. Cholesterol can reduce membrane
ﬂuidity and increase membrane rigidity, in particular the bending
rigidity/curvature of lipid bilayers (Gondre-Lewis et al., 2006; Holthuis,
2004). It is known that membrane ﬂuidity is generally temperature-
dependent: high temperature could increase membrane ﬂuidity while
low temperature decrease membrane ﬂuidity. Therefore, we hypothe-
sized that sterol shortage could result in temperature-sensitive
membrane defects, which subsequently impairs the membrane-
remodeling individualization process. Therefore, we examinedwhether
the individualization defects of npc1mutants is temperature-sensitive.
We found that the individualization defects in npc1 mutants are more
severe at high temperature than at low temperature. At 18 °C, 48%
progressive ICs are disrupted, while at 29 °C, 88% progressive ICs are
disrupted (Fig. 7B). Together, these results suggested that the sterol
shortage of npc1mutantsmay lead to temperature-sensitivemembrane
defects, which results in individualization defects.
Discussion
Here, we show that the sterol trafﬁcking protein NPC1 is important
for the individualization process in Drosophila spermatogenesis.
Although there is sterol accumulation in npc1 testes and the male
sterility of npc1 mutants can be rescued by 7-dC supplements,
individualization defects are not due to ecdysone shortage, the primary
cause of the npc1mutant larval lethal phenotype.
Our report provides insight into how NPC1 is involved in the
spermatogenesis process. NPC1 and NPC2 are reported to be involved
in sterol trafﬁcking in different model organisms. The ﬁrst hint that
NPC genes are important for male reproduction was the discovery of
NPC2, which is highly enriched in epididymal ﬂuid (Belleannee et al.,
2011; Naureckiene et al., 2000; Okamura et al., 1999). The Drosophila
npc1 model provides the ﬁrst in vivo link between NPC1 and male
infertility (Huang et al., 2005). Defective spermdevelopmentwas later
Fig. 6.Male sterility in npc1mutants can be partially rescued by 7-dC. (A) 7-dC, but not cholesterol, can signiﬁcantly rescue the fertility of npc1mutants. (B) 7-dC can partially rescue
the progeny number of npc1mutants. *Pb0.05 by the Student's t-test. (C) 7-dC, but not ergosterol or β-sitosterol, can signiﬁcantly rescue the percentage of fertility of npc1mutants.
(D) Structural differences of different sterols. Arrow points to an unsaturated bond in 7-dC, but not in cholesterol. NN15 for each genotype in all tests.
153C. Wang et al. / Developmental Biology 351 (2011) 146–155described in a mouse npc1 model, but the underlying mechanism is
still not clear (Fan et al., 2006). Our study in Drosophila adds more
details about the role of NPC1 in spermatogenesis. First, the function of
NPC1 in spermatogenesis is speciﬁcally required in the germ cells but
not in the somatic cells, suggesting that NPC1 has a cell-autonomous
function in this process. Second,we foundNPC1 function is required in
the individualization process. Disrupted ICs, leaky caspase activity and
scattered nuclei indicate that cooperative aspects of the individuali-
zation process are defective. Third, we showed that individualization
defects are likely caused by sterol deﬁciency but are not due to
ecdysone shortage. Therefore, npc1 mutant sterility is due to other
sterol-involved defects. It is not surprising that npc1 mutants show
phenotypes independent of steroid hormone. Previously, npc1
mutants were reported to have progressive neurodegeneration and
this defect cannot be rescued by the ecdysone precursor 7-dC,
implying a 7-dC, and probably ecdysone, independent mechanism
(Phillips et al., 2008).
Many genes have previously been identiﬁed to be involved in the
individualization process (Fabrizio et al., 1998). However, the
functions of most of them are still unclear. So far, actin assembly,
apoptosis and membrane trafﬁcking are the three best characterized
processes that are known to be important for different aspects of
individualization. The individualization complex (IC) is formed by a
cohort of 64 actin cones. Therefore, the formation of actin cones, actin
dynamics and the integrity of the IC are all essential for individual-
ization (Noguchi et al., 2009; Noguchi et al., 2006; Noguchi et al.,
2008; Noguchi and Miller, 2003). Removal and clearance of excess
cytosol is the ultimate goal of individualization. Apoptosis has been
shown to be essential for the removal of excess cytosol and this
requirement is likely to be conserved in mammals (Arama et al., 2003;
Arama et al., 2007; Huh et al., 2004; Muro et al., 2006). Lastly,
individualization is a rapid membrane-remodeling process. Cog5 and
syx5 function in the individualization process by affecting membrane
trafﬁcking (Farkas et al., 2003; Xu et al., 2002).Which process during individualization are sterols required for?
Though NPC1 proteins are highly conserved in sequence and npc
mutants indifferent animalmodelshave sterol trafﬁckingdefects, global
mutant phenotypes differ greatly. An evolutionally conserved mecha-
nism of NPC pathology has emerged from studies on NPC1 mutants in
the worm, ﬂy and mouse. Shortage of available sterols, which in turn
leads to shortage of cholesterol-derived steroid hormones, appears to be
the source of defects in NPC models (Fluegel et al., 2006; Huang et al.,
2005; Huang et al., 2007; Sym et al., 2000). Are the individualization
defects observed in Drosophila npc1 mutants caused by the same
mechanism? Consistent with the sterol trafﬁcking defect observed here
in the npc1 testis (Fig. 4), adding 7-dC rescues male sterility in npc1
mutants, indicating that the sterility is likely due to sterol shortage.
However, we found that although EcRA is expressed in spermatocytes
(Fig. 5A), neither EcR (for ecdysone signaling) nor dib (for ecdysone
biosynthesis) is required in the individualization process. These results
indicate that the steroid hormone ecdysone is not required.
There are two possibilities for the requirement of sterols in
individualization. First, instead of ecdysone, another unidentiﬁed
steroid hormone is required for individualization. If this is true, since
npc1 is required in the germ cell, this steroid must act in a paracrine or
autocrine manner to affect individualization. Alternatively, sterols
may be intrinsically important for individualization. The individual-
ization process requires membrane bending and remodeling, as well
as a large amount of membrane addition (Noguchi and Miller, 2003).
Sterols are key membrane components and sterol content can affect
membrane bending rigidity/curvature and ﬂuidity (Holthuis, 2004). It
is possible that abnormal sterol distribution and sterol deﬁciency in
npc1 mutants may lead to impaired membrane trafﬁcking or
membrane-remodeling. Recently, we found that sterol-rich structures
are present in the leading edge of the IC and that, in mutants of the
sterol binding protein OSBP, sterol-rich structures are absent and the
individualization process is defective (Ma et al., 2010). Adding
cholesterol or 7-dC can rescue male infertility in osbp mutants,
Fig. 7. The individualization defect of npc1 mutants is temperature-sensitive. (A) The OSBP-rich puncta (arrow) and sterol-rich puncta (arrowhead) are present in npc1 mutants.
Red: phalloidin-stained IC. Green: OSBP staining (top panels) or ﬁlipin-stained sterol (bottom panels). (B) Percentage of disrupted IC in npc1 mutants is increased along with the
increasing of temperature. ***Pb0.001; **Pb0.01.
154 C. Wang et al. / Developmental Biology 351 (2011) 146–155indicating that sterility is caused by the sterol deﬁciency (Ma et al.,
2010). Interestingly, the OSBP-rich or sterol-rich puncta are present in
npc1 mutants, suggesting that npc1 may act independent or
downstream of Osbp in individualization. Moreover, we observed a
temperature-sensitive feature of the individualization defects of npc1
mutants, implying a membrane defects in npc1 mutants. Taken
together, our work offers a new avenue for studying how sterols play a
role in the individualization process.
In summary, we have reported the male sterile phenotype of the
npc1 mutant ﬂy in details and successfully connected the NPC1
protein with the spermatogenesis process. Our studies in the
Drosophila npc1 model may supply valuable clues for future research
not only in Drosophila but also in other model systems. During our
studies on rescuing both lethality and male infertility, we noticed that
7-dC usually yields better rescuing results than cholesterol. Exploitingthe difference between 7-dC and cholesterol in rescue efﬁciency may
be a useful therapeutic strategy for the treatment of NPC disease. New
drugs or treatments that improve the efﬁciency of delivery and usage
of sterols and steroid hormones may have better therapeutic effects.
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